INTRODUCTION {#s1}
============

Glucocorticoid-induced tumor necrosis factor (TNF) receptor related gene or "GITR," also known as TNF receptor superfamily member 18 (TNFRSF18), was listed by the National Cancer Institute as among the most promising immunotherapy agents for cancer \[[@R1]\]. GITR is expressed on innate and adaptive components of the immune system including CD4^+^, CD8^+^ T cells, natural killer (NK) cells, B cells, macrophages and dendritic cells (DCs), and functions as a key regulator of inflammatory and immune responses \[[@R2]-[@R4]\]. GITR expression on resting CD4^+^FoxP3^-^ and CD8^+^ T cells is low, but upon T cell receptor (TCR) engagement, it is upregulated and acts as a costimulatory molecule enhancing T cell proliferation and cytokine production \[[@R5], [@R6]\]. Cross-linking of GITR reduces TCR-induced apoptosis \[[@R7]\] and improves T cell survival by maintaining responsiveness through signaling of multiple protein kinases (i.e., MAPK, ERKs, JNKs, etc.) and nuclear factor kB (NF-kB) pathways \[[@R8]-[@R10]\]. CD4^+^FoxP3^+^ regulatory T cells (T~reg~) constitutively express high levels of GITR and GITR ligation breaks self-tolerance and abrogates T cell suppression by T~reg~, thus providing the rationale to target GITR for cancer immunotherapy \[[@R7], [@R10]\]. Treatment with an agonist anti-GITR antibody (DTA-1) leads to tumor regression, improved T cell effector function and induced long-lasting immune memory that protected against tumor rechallenge \[[@R11]-[@R14]\]. Multiple mechanisms seem to work in concert that ultimately manifest the antitumor effects of targeting GITR. They include: (a) impairment of intratumoral T~reg~ expression of FoxP3, resulting in a loss of T~reg~ cell lineage stability and abrogation of intratumoral T~reg~ suppressive function \[[@R15]\], (b) downregulation of exhaustion markers for CD8^+^ intratumoral T cells increasing their CTL function \[[@R16]\] and (c) generation of high-avidity CTL responses to tumor-associated antigens \[[@R17]\]. In more recent studies, targeting GITR, particularly on T~regs~, using the anti-GITR monoclonal antibody, clone DTA-1, has led to T~reg~ depletion, which is linked to FcγR function \[[@R18], [@R19]\].

A platform of recombinant poxvirus-based vaccines has been developed that include Modified Vaccinia virus Ankara (rMVA) as a prime and fowlpox (rF) as boosters, both expressing as transgenes, human carcinoembryonic antigen (CEA) and three costimulatory molecules B7.1, ICAM-1, LFA-3 (designated TRICOM), thus termed rMVA/rF-CEA-TRICOM \[[@R20], [@R21]\]. CEA, a *M*~*r*~180,000-200,000 glycoprotein, like other oncofetal antigens, is overexpressed by a high percentage of human colorectal cancer, colonic polyps and other adenocarcinomas \[[@R22]-[@R24]\], and to a lesser extent by normal human colonic mucosa. Enhanced expression levels of those self-antigens on tumors is believed to provide an opportunity to develop antigen-specific vaccines capable of breaking immune tolerance, thus generating anti-CEA host immune responses. Using preclinical mouse models expressing the complete human *CEA* gene as a transgene \[[@R25]\], several different poxvirus CEA-directed vaccines were shown to overcome CEA immune tolerance by inducing anti-CEA specific immunity, which, in turn, correlated with the regression of CEA-expressing tumors \[[@R26]-[@R29]\]. Despite those successes, there remains a need to improve the overall efficacy of those and most other therapeutic cancer vaccines.

A previous study described the preclinical characterization of a multimeric mouse GITR ligand fusion protein designed to maximize valency and the potential to agonize the GITR receptor \[[@R30]\]. The murine GITR ligand fusion protein (mGITRL-FP) consisted of an IgG2a Fc domain, a yeast-derived coiled GCN4 pII and the extracellular GITR-binding domain of murine GITR ligand. The mGITRL-FP and DTA-1 induced NF-κB signaling in a GITR-dependent NF-κB reporter gene cell assay. However, the EC~50~ for the mGITRL-FP was 0.05 nM, nearly 50 times more potent than DTA-1 whose EC~50~ was 2.31 nM \[[@R30]\]. Administration of mGITRL-FP reduced the growth of CT26 s.c. tumors in a dose-dependent manner which correlated with (a) enhanced expression of proliferative/activation markers on peripheral T cells and (b) reduction of intratumoral T~regs~. Increasing the T~effector~/T~reg~ ratio at the tumor microenvironment by targeting GITR with the mGITRL-FP could be considered an immune adjuvant and, thus, may be an effective approach to enhance the antitumor efficacy of a cancer vaccine. That hypothesis was tested in the current study by combining the rMVA/rF-CEA-TRICOM vaccine platform with the murine multimeric GITR ligand fusion protein (mGITRL-FP) in CEA transgenic (CEA.Tg) mice bearing CEA-expressing tumors. Both the rMVA/rF-CEA-TRICOM vaccine and mGITRL-FP induced measurable tumor regression when administered as monotherapies. By combining those two immune-based therapies, antitumor effects were significantly enhanced resulting in complete tumor regression, significant prolongation of tumor-free survival and the generation of protective immune memory. These current findings provide the rationale for potential clinical studies combining these two immunotherapeutic platforms.

RESULTS {#s2}
=======

Dosing/timing schedules for the combined rMVA/rF-CEA-TRICOM and mGITRL-FP treatment {#s2_1}
-----------------------------------------------------------------------------------

Initial studies examined different dosing and treatment schedules to optimize the combined immunotherapeutic effects of the rMVA/rF-CEA-TRICOM vaccine and mGITRL-FP in CEA.Tg mice bearing MC32A tumors (Figure [1](#F1){ref-type="fig"}). In several experiments, mGITRL-FP was co-administered, at doses ranging from 0.01-10 mg/kg, in combination with the vaccine. No additional antitumor effects were observed when the vaccine was administered prior to mGITRL-FP and compared with either monotherapy (see Figure [1](#F1){ref-type="fig"}, Schedule A). In a subsequent study, CEA.Tg mice were initially vaccinated and 14 days after the booster vaccination (i.e., rF-CEA-TRICOM) challenged with MC32A tumor cells with mGITRL-FP treatment (10 mg/kg; Q2W) beginning 7 days later (see Figure [1](#F1){ref-type="fig"}, Schedule B). The vaccine alone slowed MC32A tumor growth, while treatment with 10 mg/kg mGITRL-FP as a monotherapy induced tumor regression (Figure [1](#F1){ref-type="fig"}, Schedule B). Tumor regression following the administration of 10 mg/kg GITRL-FP as a monotherapy was observed only in those CEA.Tg mice with low tumor volume on day 7 post-tumor inoculation (see Figure [1](#F1){ref-type="fig"}, Schedule A vs. B). However, combining the two immunotherapeutics resulted in a loss of antitumor efficacy when compared with MC32A‒tumor bearing CEA.Tg mice treated with mGITRL-FP alone (Figure [1](#F1){ref-type="fig"}, Schedule B). Significant improvements in the antitumor efficacy of the vaccine occurred when MC32A tumor bearing CEA.Tg mice received a single i.p. injection of 1.0 mg/kg mGITRL-FP 2 days prior to the priming vaccine followed on day 16 with the rF-CEA-TRICOM booster vaccination (see Figure [1](#F1){ref-type="fig"}, Schedule C; Figure [2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}). Combined results from two independent studies revealed complete MC32A tumor regression in 68% (19 of 28) (Figure [1](#F1){ref-type="fig"}; \**P* ≤ 0.05) of the CEA.Tg mice. Administration of mGITRL-FP alone at 1.0 mg/kg did induce MC32A tumor regression in CEA.Tg mice, but the extent of tumor regression was not significant when compared with control-treated CEA.Tg mice (Figure [2C](#F2){ref-type="fig"}). CEA.Tg mice bearing MC32A tumors and treated with the vaccine alone (Figure [2D](#F2){ref-type="fig"}) or combined with a lower dose of mGITRL-FP (0.1 mg/kg) (Figure [2E](#F2){ref-type="fig"}) resulted in no significant changes in MC32A tumor growth. Likewise, treatment of CEA.Tg mice with a lower dose of mGITRL-FP (0.1 mg/kg) alone resulted in no significant change in MC32A tumor growth (Figure [2F](#F2){ref-type="fig"}). Using Schedule C (Figure [1](#F1){ref-type="fig"}), CEA.Tg mice treated with vaccine and 1.0 mg/kg mGITRL-FP had a significant improvement in overall tumor-free survival (\*\*\**P* ≤ 0.001, Figure [2G](#F2){ref-type="fig"}). These findings provide the framework to examine the possible consequences of mGITR-FP targeting GITR on immune cell subsets and the impact on the antitumor efficacy of the vaccine. All subsequent studies were performed using Schedule C (Figure [1](#F1){ref-type="fig"}) in which mGITRL-FP was administered 2 days prior to the priming vaccine followed by the booster vaccination.

![Anti-tumor efficacy is dependent on dosage and timing of mGITRL-FP combined with rMVA/rF-CEA-TRICOM vaccination\
Schedule A-C summarizes the time points (Day) of tumor (T) inoculation, mGITRL-FP (G) administration, and recombinant Modified Vaccinia Ankara (rMVA-CEA-TRICOM: rMVA) and recombinant fowlpox (rF-CEA-TRICOM: rF) vaccinations. \*\* indicates the treatment schedule used for subsequent studies. \**P* ≤ 0.05; Log-rank (Mantel-Cox) test; comparison of mGITRL-FP 10 mg/kg vs rMVA/rF-CEA-TRICOM + mGITRL-FP 10 mg/kg (Schedule B); comparison of mGITRL-FP 1.0 mg/kg vs rMVA/rF-CEA-TRICOM + mGITRL-FP 1.0 mg/kg (Schedule C).](oncotarget-08-73469-g001){#F1}

![Combination of rMVA/rF-CEA-TRICOM with mGITRL-FP induces complete regression of CEA-expressing tumors in CEA.Tg mice\
CEA.Tg mice (*n* = 9) bearing MC32A s.c. tumors were treated with either 0.1 or 1.0 mg/kg mGITRL-FP (red arrows) on day 7 post-tumor injection, followed on days 9 and 16 with rMVA/rF-CEA-TRICOM immunizations, respectively (blue arrows). Individual tumor growth curves are shown for **A.** control, untreated, **B.** vaccine + mGITRL-FP (1.0 mg/kg), **C.** mGITRL-FP (1.0 mg/kg), **D.** vaccine alone, **E.** vaccine + mGITRL-FP (0.1 mg/kg), and **F.** mGITRL-FP (0.1 mg/kg)-treated CEA.Tg mice; *n* values denote number of CEA.Tg mice cured of MC32A tumors. Data are from a representative experiment that was repeated twice with similar results. **G.** Survival curve of MC32A tumor bearing CEA.Tg mice of untreated (circles) or treated with either vaccine (squares) or mGITRL-FP (1.0 mg/kg) (triangles) alone or in combination (inverted triangles) (*n* = 19; Log-rank (Mantel-Cox) test; \**P* ≤ 0.05, vaccine + mGITRL-FP vs. mGITRL-FP alone; \*\*\**P* ≤ 0.001, vaccine + mGITRL-FP or mGITRL-FP alone vs. vaccine alone).](oncotarget-08-73469-g002){#F2}

Targeting and depletion potential of mGITRL-FP includes Treg and effector T cells {#s2_2}
---------------------------------------------------------------------------------

Subsequent studies examined GITR expression levels on resting and activated T cells and their relative susceptibility for *in vitro* depletion by mGITRL-FP and αGITR mAb clone DTA-1. As previously reported \[[@R8], [@R9]\], GITR expression levels were much higher on resting CD4^+^FoxP3^+^ T cells when compared with resting CD4^+^FoxP3^-^ and CD8^+^ T cells (Figure [3A](#F3){ref-type="fig"}, 0 hours). *In vitro* activation of splenocytes with αCD3 and αCD28 mAbs significantly increased GITR expression levels on CD4^+^FoxP3^+^, CD4^+^FoxP3^-^ and CD8^+^ T cells (Figure [3A](#F3){ref-type="fig"}). Examining the relative MFI at 48 hours post-activation, GITR expression levels remained highest on CD4^+^FoxP3^+^ when compared with CD4^+^FoxP3^-^ and CD8^+^ T cells (Figure [3B](#F3){ref-type="fig"}). Others have demonstrated the ability of GITR targeting antibodies and antibody-like molecules to induce Fc-mediated depletion via ADCC \[[@R18], [@R19]\]; we further examined this utilizing a complement fixation/depletion approach. Incubation of resting splenocytes in the presence of mGITRL-FP and complement depleted more than 50% of CD4^+^FoxP3^+^ with minor reductions of CD4^+^FoxP3^-^ T cells (Figure [3C](#F3){ref-type="fig"}). For comparison, incubation with DTA-1 and complement reduced the frequencies of CD4^+^FoxP3^-^ and CD4^+^FoxP3^+^ T cells by 70-90%, while CD8^+^ T cells were reduced by approximately 30% (Figure [3C](#F3){ref-type="fig"}). As expected \[[@R18], [@R19]\], with activation and the accompanying increase in GITR expression was an increase in depletion \[[@R9]\], particularly in the CD4^+^FoxP3^-^ and CD4^+^FoxP3^+^ T cell subsets (Figure [3D](#F3){ref-type="fig"}). Incubation in the presence of mGITRL-FP and complement reduced the frequencies of the CD4^+^FoxP3^-^ and CD4^+^FoxP3^+^ T cell subsets by 40% and 80%, respectively, with no measurable reduction in CD8^+^ T cells. With the addition of the αGITR clone DTA-1 (positive control), 80-90% of CD4^+^FoxP3^+^ and CD4^+^FoxP3^-^ T cells were depleted, while reduction of CD8 ^+^ T cells was approximately 45% (Figure [3D](#F3){ref-type="fig"}).

![mGITRL-FP targets GITR-expressing T cells\
Splenocytes from C57BL/6 mice were stimulated *in vitro* by αCD3/CD28 and representative histograms **A.** and quantification of GITR mean fluorescence intensity (MFI) **B.** from activated T cells are shown. **C.** *Ex vivo* depletion of resting splenocytes (i.e., CD4^+^FoxP3^+^, CD4^+^FoxP3^-^, and CD8^+^ T cells) was determined in the presence of either DTA-1 or mGITRL-FP and complement. **D.** *Ex vivo* depletion of CD4^+^FoxP3^+^, CD4^+^FoxP3^-^, and CD8^+^ T cells determined in the presence of either DTA-1 or mGITRL-FP and complement and following activation with PMA + ionomycin. Bars in panels B-D indicate mean +/- SEM of quadruplicate wells.](oncotarget-08-73469-g003){#F3}

Temporal-dependent changes in T cell subsets following mGITRL-FP treatment alone or combined with rMVA/rF-CEA-TRICOM {#s2_3}
--------------------------------------------------------------------------------------------------------------------

CEA.Tg mice received MC32A tumor cells and 7 days later received either a single, i.p. injection of mGITRL-FP (1.0 mg/kg) or a control antibody (Figure [1](#F1){ref-type="fig"}, Schedule C; Figure [4A](#F4){ref-type="fig"}). Forty-eight hours later, just prior to the priming vaccination, CEA.Tg mice from three treatment groups, MC32A‒tumor bearing CEA.Tg mice treated with mGITRL-FP or the control antibody and naïve CEA.Tg mice (no tumor inoculum), were examined for changes in the frequency of CD4^+^FoxP3^+^ T cells, and proliferative (i.e., Ki67^+^) CD4^+^FoxP3^-^ and CD8^+^ effector T cells in the peripheral blood (Figure [4B-4D](#F4){ref-type="fig"}). Also analyzed were non-tumor draining (brachial, BLN), tumor-draining lymph nodes (inguinal, ILN) and MC32A tumor microenvironment for changes in CD4^+^ FoxP3^+^ and proliferative/activated (i.e., Ki67^+^/CD44^+^) CD4^+^FoxP3^-^ and CD8^+^ effector T cells (Figure [4E-4G](#F4){ref-type="fig"}). In the peripheral blood of CEA.Tg mice bearing MC32A tumors, treated with mGITRL-FP, there was a significant decrease in the frequency of CD4^+^FoxP3^+^ (Figure [4B](#F4){ref-type="fig"}), not in the percentage of Ki67-expressing CD4^+^FoxP3^-^ or CD8^+^ effector T cells (Figure [4C](#F4){ref-type="fig"} and [4D](#F4){ref-type="fig"}). Within the tumor microenvironment of mGITRL-FP-treated CEA.Tg mice, a significant reduction in the percentage of Ki67^+^/CD44^+^ CD4^+^FoxP3^-^ T cells (Figure [4F](#F4){ref-type="fig"}) was found, while the frequencies of both CD4^+^FoxP3^+^ and Ki67^+^/CD44^+^ CD8^+^ T cells (Figure [4E](#F4){ref-type="fig"} and [4G](#F4){ref-type="fig"}) trended downward. Total intratumoral CD4^+^ and CD8^+^ T cell numbers in mGITRL-FP-treated CEA.Tg mice were not significantly different from control mice (data not shown), highlighting that depletion was specific to activated effectors, primarily Ki67^+^/CD44^+^ CD4^+^FoxP3^-^ T cells. These data were consistent with *in vitro* observations that demonstrated activation-induced upregulation of GITR, mGITRL-FP targeting, and subsequent increased effector T cell depletion (Figure [3](#F3){ref-type="fig"}). Within the ILN and BLN, no significant changes in the frequency/proliferation of those immune cell subsets from untreated or mGITRL-FP-treated CEA.Tg mice bearing MC32A tumors were observed (Figure [4E-4G](#F4){ref-type="fig"}).

![Effects of mGITRL-FP on the frequency of CD4^+^FoxP3^+^ and activated/proliferating effector T cells\
CEA.Tg mice bearing MC32A subcutaneous tumors were treated with 1.0 mg/kg mGITRL-FP 7 days post-tumor inoculation. Two days later **A.**, non-tumor bearing, untreated, and mGITRL-FP-treated MC32A tumor bearing CEA.Tg mice were euthanized (*n =* 5). Peripheral blood, brachial lymph nodes (BLN), inguinal lymph nodes (ILN) and tumors were collected. Cells were isolated and stained to identify different T cell subsets as well as activation and proliferative markers by flow cytometry. Bar graphs in panels **B**.-**D**. represent differences in circulating CD4^+^FoxP3^+^ (B), CD4^+^FoxP3^-^ (C), and CD8^+^ T cell (D) frequencies (*n* =5). Cross-hatched bars in panels B.-D. represent data from non-tumor bearing CEA.Tg mice (*n* =5). Error bars represent mean ± SEM. Panels **E.**-**G.** represent the changes in lymph node or tumor infiltrating CD4^+^FoxP3^+^ T cells (E), and CD4^+^FoxP3^-^ (F) or CD8^+^ (G) activated/proliferating effector T cells (*n* =6) from untreated (circles) and mGITRL-FP-treated (squares) CEA.Tg mice. \*\*\**P* ≤ 0.001, \*\**P* ≤ 0.01 mGITRL-FP-treated vs. untreated CEA.Tg mice; Student's t-test. Data are from a representative experiment that was repeated twice with similar results.](oncotarget-08-73469-g004){#F4}

Untreated and mGITRL-FP-treated CEA.Tg mice bearing MC32A tumors were administered the priming vaccine on day 9 (Figure [5A](#F5){ref-type="fig"}) and 7 days later (day 16), peripheral blood (Figure [5B-5D](#F5){ref-type="fig"}), non-tumor draining (brachial, BLN), tumor-draining lymph nodes (inguinal, ILN) and tumors (Figure [5E-5G](#F5){ref-type="fig"}) were analyzed as described in Figure [4](#F4){ref-type="fig"}. Day 16 represents a breakpoint when MC32A tumor growth resumed in a majority of CEA.Tg mice treated with mGITRL-FP alone (Figure [2C](#F2){ref-type="fig"}), whereas antitumor efficacy was maintained with vaccine and mGITRL-FP treatment resulting in complete regression in 68% of CEA.Tg mice (Figure [1](#F1){ref-type="fig"}) and a significant improvement in survival (Figure [2G](#F2){ref-type="fig"}). On day 16, there were no differences in the frequencies of CD4^+^FoxP3^+^ T cells in the peripheral blood in any of the treatment groups of CEA.Tg mice (Figure [5B](#F5){ref-type="fig"}). However, Ki67^+^-expressing CD4^+^FoxP3^-^ T cells were significantly increased in the peripheral blood of CEA.Tg mice treated with the vaccine and mGITRL-FP (Figure [5C](#F5){ref-type="fig"}). Likewise, the percentage of Ki67^+^ CD8^+^ T cells was significantly increased in the peripheral blood of CEA.Tg mice treated with the vaccine and mGITRL-FP as well as mice that received mGITRL-FP alone (Figure [5D](#F5){ref-type="fig"}). The most profound differences in the immune cell subsets were found in the tumor microenvironment (Figure [5E-5G](#F5){ref-type="fig"}). Notably, the MC32A intratumoral frequency of CD4^+^FoxP3^+^ regulatory T cells was lowest (\*\**P* ≤ 0.01) in the CEA.Tg mice treated with the combined immunotherapeutics (Figure [5E](#F5){ref-type="fig"}). The frequency of CD4^+^FoxP3^+^ T cells in MC32A tumors from CEA.Tg mice treated with the vaccine and mGITRL-FP was \<10% compared with frequencies of 15-25% in tumors from untreated, vaccine or mGITRL-FP-treated CEA.Tg mice (Figure [5E](#F5){ref-type="fig"}). CEA.Tg mice bearing MC32A tumors and treated with the vaccine alone had significantly higher (\**P* ≤ 0.05) percentages of Ki67^+^/CD44^+^ CD4^+^FoxP3^-^ T cells in the tumor microenvironment (Figure [5F](#F5){ref-type="fig"}). A similar increase was found for Ki67^+^/CD44^+^ CD8^+^ T cells in CEA.Tg mice treated with either the vaccine or mGITRL-FP as monotherapies (Figure [5G](#F5){ref-type="fig"}).

![Combination rMVA/rF-CEA-TRICOM with mGITRL-FP increased T cell activation and proliferation in peripheral blood and reduced intratumoral CD4^+^FoxP3^+^ T cells\
**A**. CEA.Tg mice bearing MC32A s.c. tumors and treated with vaccine, GITRL-FP (1.0 mg/kg) alone or in combination were euthanized on either day 16 or 21 post-tumor inoculation. On day 16, untreated, vaccine, mGITRL-FP and vaccine with mGITRL-FP-treated CEA.Tg mice were analyzed for changes in circulating CD4^+^FoxP3^+^ T cell frequency (**B**.) and CD4^+^FoxP3^-^ (**C**. \*\**P* ≤ 0.01, vaccine + mGITRL-FP vs. untreated and naïve, non-tumor bearing CEA.Tg mice) and CD8^+^ (**D**. \*\*\**P* ≤ 0.001, mGITRL-FP or vaccine + mGITRL-FP vs. untreated and naïve, non-tumor bearing CEA.Tg mice) T cell proliferation are shown (*n* = 5). Similar analyses were done on BLN, ILN and the tumor microenvironment of untreated (circles), vaccine (squares), mGITRL-FP (triangles) and vaccine with mGITRL-FP-treated (inverted triangles) mice: (**E**.) CD4^+^FoxP3^+^ T cell frequency, \*\**P* ≤ 0.01, vaccine or mGITRL-FP vs. vaccine + mGITRL-FP-treated CEA.Tg mice, (**F**.) CD44^+^Ki67^+^ CD4^+^FoxP3^-^, \**P* ≤ 0.01 and (**G**.) CD44^+^Ki67^+^ CD8^+^, \**P* ≤ 0.05, untreated vs. vaccine or mGITRL-FP-treated) (*n* = 3). On day 21 (**H**.-**J**.), changes in circulating CD4^+^FoxP3^+^ T cell frequency (H) and in CD4^+^FoxP3^-^ (I, \*\**P* ≤ 0.01, vaccine vs. untreated; vaccine + mGITRL-FP vs. mGITRL-FP alone) and CD8^+^ (J. \**P* ≤ 0.05, vaccine + mGITRL-FP vs. mGITRL-FP alone, \*\**P* ≤ 0.01, vaccine vs. untreated) T cell proliferation are shown (*n* = 5). Error bars (B-D; H-J) represent mean ± SEM, Student's t-test. Cross-hatched bars (B-D; H-J) represent data from non-tumor bearing CEA.Tg mice (*n* = 5). Data are from a representative experiment that was repeated with similar results.](oncotarget-08-73469-g005){#F5}

Additional analyses were done 12 days post priming vaccination and 5 days post boost (day 21, Figure [5H-5J](#F5){ref-type="fig"}). Frequencies of CD4^+^ FoxP3^+^ T cells in the peripheral blood were similar in CEA.Tg mice from all five groups (Figure [5H](#F5){ref-type="fig"}). The percentages of CD4^+^FoxP3^-^ and CD8^+^ T cells expressing Ki67^+^ in the peripheral blood were similar in control- and mGITRL-FP-treated CEA.Tg mice (Figure [5I](#F5){ref-type="fig"} and [5J](#F5){ref-type="fig"}). However, higher percentages of Ki67^+^-expressing CD4^+^FoxP3^-^ and CD8^+^ T cells were found in the peripheral blood from CEA.Tg mice that received the vaccine alone or combined with mGITRL-FP, suggesting the generation of long-lasting, durable effector T cell response in vaccinated CEA.Tg mice (Figure [5I](#F5){ref-type="fig"} and [5J](#F5){ref-type="fig"}). In conclusion, mGITRL-FP administered prior to the rMVA/rF-CEA-TRICOM vaccine elicits specific changes in immune cell subsets (i.e., reduction of CD4^+^FoxP3^+^ regulatory T cells/repopulation of T effectors) within the tumor microenvironment both of which support a robust and durable antitumor response. In addition, there were no overt signs of toxicity in mice in which mGITRL-FP alone or in combination with the rMVA/rF-CEA-TRICOM vaccine resulted in significant regression of the MC32A, CEA-expressing tumors.

Immunofluorescent analysis of immune cell infiltrate into MC32A tumors {#s2_4}
----------------------------------------------------------------------

Confirmation of tumor infiltrating effector T cells was performed via immunofluorescent (IF) staining and confocal analysis (Figure [6A](#F6){ref-type="fig"}). Enumeration of CD4^+^, CD8^+^ and CD3^+^ T cells in the tumor microenvironment confirmed an increase in CD8^+^ and CD3^+^ T cells in CEA.Tg mice treated with the vaccine and mGITRL-FP (Figure [6B](#F6){ref-type="fig"}). The number of CD4^+^, CD8^+^ and CD3^+^ T cells in the MC32A tumor microenvironment was lowest in CEA.Tg mice treated with mGITRL-FP alone (Figure [6B](#F6){ref-type="fig"}).

![CD8^+^ T cells are required for anti-tumor efficacy resulting from combination rMVA/rF-CEA-TRICOM with mGITRL-FP treatment\
MC32A tumors were collected on day 16 (see Figure [5A](#F5){ref-type="fig"}) from CEA.Tg mice treated as outlined in Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}. **A**. CD4^+^ (grey) and CD8^+^ (green) T cells in the MC32A tumor microenvironment were visualized via confocal microscopy. **B.** Quantification of CD4^+^FoxP3^-^, CD8^+^ and CD3^+^ T cells in the MC32A tumor microenvironment from panel A. Cells were immunostained for T cell markers and T cell subsets were enumerated via flow cytometry and reported as the cell number/mm^3^ average tumor volume. Error bars represent mean ± SEM (*n* = 3). **C.** Roles of CD4^+^, CD8^+^, or natural killer (NK) cells in the anti-tumor response as determined by *in vivo* antibody depletions. Each data point represents a single mouse and the error bars represent mean ± SEM, Student's t-test; \*\*\**P* ≤ 0.001 (CD8^+^ or CD4^+^/8^+^ depleted vs. vaccine + mGITRL-FP-treated CEA.Tg mice).](oncotarget-08-73469-g006){#F6}

To determine the immune cell subset(s) involved in MC32A tumor rejection following vaccine + mGITRL-FP treatment, CEA.Tg mice were administered depleting antibodies for CD4, CD8, or NK cells (Figure [6C](#F6){ref-type="fig"}) and depletion was confirmed by flow cytometry ([Supplementary Figures 1](#SD1){ref-type="supplementary-material"} and [2](#F2){ref-type="fig"}). CEA.Tg mice were inoculated with MC32A tumor cells 4 days post-initiation of depletion followed by the vaccine and mGITRL-FP as described for treatment Schedule C (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). It was interesting that CEA.Tg mice depleted of CD4^+^ T cells had no significant change in their ability to reject MC32A tumors (Figure [6C](#F6){ref-type="fig"}). The combination of the CD4^+^-depleting antibody and mGITRL-FP sustained depletion of regulatory T cells and when combined with mGITRL-FP agonist effects on CD8^+^ T cells, tumor regression occurred without the need for CD4^+^ T cells. NK cell depletion also led to no significant differences in tumor rejection, although two mice developed tumors whose growth kinetics were similar to that of the untreated mice. Tumor rejection following vaccine and mGITRL-FP treatment was completely lost in mice depleted of CD8^+^ T cells alone and when combined with CD4^+^ T cell depletion (Figure [6C](#F6){ref-type="fig"}).

Enhanced immune memory in CEA.Tg mice treated with vaccine and mGITRL-FP {#s2_5}
------------------------------------------------------------------------

T effector/memory cell formation was examined via dextramer staining of peripheral blood mononuclear cells (PBMCs) and flow cytometry analysis to determine the percentage of CD8^+^ T cells specific for the p15E rejection antigen. The p15E antigen is the transmembrane component of the retroviral envelope protein, is endogenous to MC32A tumors, and can act as a rejection antigen \[[@R20]\]. In fact, in a previous study \[[@R31]\], CD8^+^ immune response to the gp70, p15E, was far greater than those for CEA in CEA.Tg mice bearing MC32A tumors and immunized with the CEA-expressing recombinant poxvirus-based vaccines. The data showed that CEA was needed in the vaccine and tumor, but tumor regression was dependent on antigen cascade, particularly the presence of immunity to p15E. That antigen cascade was critical in the therapy of established murine tumors. A 2-fold increase in the percentage of activated peripheral blood CD8^+^ T cells specific for p15E was found in CEA.Tg mice that previously had rejected MC32A tumors following treatment with vaccine and mGITRL-FP versus either untreated or CEA.Tg mice treated with mGITRL-FP monotherapy (Figure [7A](#F7){ref-type="fig"} and [7B](#F7){ref-type="fig"}) (*n* = 5; *P* ≤ 0.05; Student's t-test).

![Increased memory formation following combination of rMVA/rF-CEA-TRICOM with mGITRL-FP\
CEA.Tg mice previously cured with either mGITRL-FP monotherapy (squares) or vaccine and mGITRL-FP combination therapy (triangles) were re-challenged with MC32A tumor cells. Naïve CEA.Tg mice also received a MC32A s.c. tumor challenge (circles). Six days post-tumor rechallenge, mice were bled and the frequency of TCR specificity for the CD8^+^ p15E rejection antigen determined via flow cytometry analysis **A.** (*n* = 5; \**P* ≤ 0.05, vaccine + mGITRL-FP vs. either untreated or mGITRL-FP treated CEA.Tg mice; Student's t-test). Representative FACS plots demonstrate CD8^+^ T cell activation and p15E dextramer staining **B.** Tumor volume at 6 weeks post-rechallenge **C.** (*n* = 10; \*\*\**P* ≤ 0.001, vaccine + mGITRL-FP or mGITRL-FP-treated vs. naïve untreated CEA.Tg mice; 2-way ANOVA). Horizontal bars represent the mean ± SEM.](oncotarget-08-73469-g007){#F7}

While 37% of mGITRL-FP alone and 68% of CEA.Tg mice treated with vaccine were cured (Figure [1](#F1){ref-type="fig"}) of MC32A tumors, it was of interest to determine the relative protective strength against subsequent challenge with MC32A tumor cells. CEA.Tg mice cured of their primary MC32A tumors received a re-challenge with MC32A subcutaneous tumors on the opposite flank. Both groups of mice cured of their primary MC32A tumors following treatment with mGITRL-FP alone or in combination with the vaccine rejected tumors upon rechallenge (*n* = 10; *P* ≤ 0.001; 2-way ANOVA) (Figure [7C](#F7){ref-type="fig"}). Mice that were previously treated with the combination immunotherapy trended towards a higher rate of protection from tumor rechallenge than mice previously treated with mGITR-FP alone. The findings support the hypothesis that T cell effector/memory develops in mGITRL-FP‒treated mice and can be expanded with the addition of vaccine.

DISCUSSION {#s3}
==========

A previous study characterized mGITRL-FP along with its pharmacokinetic properties. Data supported the fusion protein's ability to deplete/agonize GITR-expressing immune cells, which was a proposed mechanism for its actions as an immune therapeutic \[[@R30]\]. The present study was designed to investigate whether mGITRL-FP could function as an immune adjuvant when paired with rMVA/rF-CEA-TRICOM, a recombinant poxvirus-based vaccine. Treatment of CEA.Tg mice with the combination of vaccine and mGITRL-FP induced a robust antitumor immune response with regression of CEA-expressing tumors accompanied by durable tumor-free survival. Achieving those responses was strictly dependent on treatment schedule and the temporal relationship between mGITRL-FP administration and the rMVA-CEA-TRICOM priming vaccine was of paramount importance (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). Tumor regression was most sustainable (i.e., 68% complete tumor regression) when tumor bearing CEA.Tg mice were administered mGITRL-FP 2 days prior to the priming vaccine (Figure [1](#F1){ref-type="fig"}, Schedule C). When mGITRL-FP was administered during T cell activation/expansion, such as co-administration with the vaccine (Figure [1](#F1){ref-type="fig"}, Schedule A) or following tumor challenge of immunized mice (Figure [1](#F1){ref-type="fig"}, Schedule B), the resulting antitumor effects were unremarkable. One possible explanation is that the introduction of mGITRL-FP following vaccination could deplete vaccine-induced activated effectors.

The antitumor effects of mGITRL-FP when administered as a monotherapy has been attributed to depletion of intratumoral CD4^+^FoxP3^+^ regulatory T cells resulting in better CD4^+^FoxP3^-^ and CD8^+^:Treg ratios \[[@R30]\]. Those findings were the framework to examine changes in T cell subsets in the peripheral blood and the tumor microenvironment accompanying mGITRL-FP treatment prior to and during T cell priming with the rMVA-CEA-TRICOM vaccine (Figure [1](#F1){ref-type="fig"}, Schedule C). Approximately 90% mGITRL-FP drug clearance is predicted to occur *in vivo* within 2 days (day 9 on our treatment schedule) with complete clearance by 7 days \[[@R30]\]. A primary T cell response in regional draining lymph nodes is detectable for approximately 3 days following poxvirus immunization and continues for an additional 4-5 days \[[@R32]\]. Utilizing Schedule C, mGITRL-FP is able to perform its function (i.e., depletion and/or agonist activity), followed by clearance of the drug prior to the T cell response to vaccination. Analyses of the peripheral blood clearly showed a significant reduction in circulating CD4^+^FoxP3^+^ regulatory T cells. While within the MC32A tumors, mGITRL-FP treatment significantly reduces the number of proliferative/activated (i.e., Ki67^+^/CD44^+^) CD4^+^FoxP3^-^ effectors, with both CD4^+^FoxP3^+^ and Ki67^+^/CD44^+^ CD8^+^ trending downward. These data argue that in the mGITRL-FP-treated mice, at the time of the priming vaccination, the tumor microenvironment was more immuno-permissive by virtue of reduced numbers of (a) CD4^+^FoxP3^+^ (Figure [4E](#F4){ref-type="fig"}) and (b) proliferative CD4^+^FoxP3^-^ and CD8^+^ T cells (Figure [4F](#F4){ref-type="fig"} and [4G](#F4){ref-type="fig"}). The latter may provide "immune space" and allow repopulation by vaccine responding T cells within the tumor microenvironment \[[@R33]\].

From day 9 to day 16, the frequency of intratumoral proliferative/activated (i.e., Ki67^+^/CD44^+^) CD4^+^FoxP3^-^ and CD8^+^ T cells had returned to baseline levels, while that of CD4^+^FoxP3^+^ T cells continued to drop (Figure [5E](#F5){ref-type="fig"}). The resultant improvement in T~effector~:T~reg~ ratio appears to be a major contributor to the enhanced antitumor efficacy of the combined vaccine and mGITRL-FP treatment which coincides with previous findings \[[@R30]\]. In the peripheral blood of CEA.Tg mice treated with vaccine combined with mGITRL-FP, there was a significant increase in CD4^+^FoxP3^-^ and CD8^+^ T effectors (Figure [5C](#F5){ref-type="fig"} and [5D](#F5){ref-type="fig"}). One possible explanation is that GITR expression levels on circulating effector T cells may be sufficiently low that would allow those T cells to benefit from a proliferative burst from the agonist activity of the GITR--mGITRL-FP interaction while avoiding depletion. In contrast, elevated GITR levels on circulating and activated tumor infiltrating T~regs~ as well as activated effector T cells are sufficient for depletion. It seems that depletion following mGITRL-FP administration is more closely tied to relative GITR expression levels and GITR--mGITRL-FP interaction than to any specific T cell subset. Subsequent studies will examine the molecular events that underscore both the interactions of GITRL-FP with different immune cell subsets as well as with the accompanying reduction in tumor growth.

Two previous reports looked at the combination of different tumor vaccines with GITR ligation using the agonist DTA-1 antibody. In both cases, the anti-GITR antibody, DTA-1, was administered simultaneously during the priming stage with either a xenogeneic DNA \[[@R16]\] or bone marrow adherent cells pulsed with ovalbumin (OVA) vaccine \[[@R34]\]. Utilizing those schedules, DTA-1 addition enhanced tumor protection/regression and those effects were attributed to enhanced costimulation of CD4^+^FoxP3^-^ and CD8^+^ effector T cells with the simultaneous inhibition of T~reg~ suppression. While those findings seem to be in conflict with the present results, the differences might reside in the different molecules, DTA-1 versus mGITRL-FP, used to target GITR as well as the different vaccine platforms.

The rat IgG2b monoclonal antibody DTA-1 elicits agonist activity on T~regs~ and effector T cells \[[@R11], [@R12]\]. In addition, DTA-1 depletes intratumoral T~regs~ in an Fc-dependent manner \[[@R18], [@R19]\] and the depletory properties were specific for the tumor microenvironment, with no depletion occurring in the periphery \[[@R11]\]. Likewise, the mGITRL-FP exhibits agonist activity through native GITR-GITRL interactions, although any qualitative differences of agonist activity provided by DTA-1 and mGITRL-FP have not been elucidated. Like DTA-1, mGITRL-FP can deplete intratumoral T~regs~. Unlike DTA-1, mGITRL-FP also depletes circulating T~regs~ (Figure [4B](#F4){ref-type="fig"}) and supports the expansion of CD4^+^FoxP3^-^ and CD8^+^ effectors in the periphery (Figure [5C](#F5){ref-type="fig"} and [5D](#F5){ref-type="fig"}). With both DTA-1 and mGITRL-FP, a loss of intratumoral T~regs~ and effector T cells leaves the tumor microenvironment with a proclivity to be "reseeded" with immune cells. In the case of DTA-1, the tumor may be reseeded by circulating T~regs~ and effector T cells, which may explain the need for continued depletion via multiple DTA-1 treatments \[[@R34]\]. In contrast, reseeding after mGITRL-FP may occur primarily with effector T cells, due to reduced T~regs~ and increased effectors in the periphery, eliminating the need for multiple mGITRL-FP treatments. When combined with vaccine, there is an increased likelihood of reseeding with tumor specific effectors expanded via vaccination. It remains possible that mGITRL-FP-induced depletion after vaccination may deplete vaccine-induced/expanded effector T cells, which may explain the reduced efficacy of combination treatment seen in Schedule A (Figure [1](#F1){ref-type="fig"}).

With regard to a viral-based vaccine, such as rMVA-CEA-TRICOM, its persistence at the injection site over multiple days might be expected to be a more potent priming vaccine than either the DNA or OVA peptide-pulsed dendritic cell vaccines. The relative strengths of the different vaccine platforms would also dictate the depth/duration of the proinflammatory events at the injection site which, in turn, can lead to GITR upregulation of activated immune cell subsets at the regional draining lymph node. It becomes possible that the different effects of DTA-1 and mGITRL-FP could be due to the strength of the vaccines and, more importantly, the extent of GITR upregulation on immune cells. Couple those vagaries with the possibility that combining a vaccine designed to target a self-antigen, similar to what is seen in our MC32A model, and GITR ligation may also increase the possibility of autoimmunity. Future studies should include a careful monitoring of any toxicity that involves tissues that constitutively express the target antigen \[[@R35]\]. Then preclinical studies that combine GITR ligation with different vaccine platforms become an even more important step prior to the testing of a combination in early clinical trials. Nonetheless, targeting GITR with mGITRL-FP prior to treatment with a therapeutic poxvirus-based antigen-specific vaccine acts as a powerful immune adjuvant, resulting in a significant improvement in tumor regression, durable tumor-free survival and the generation of protective immune memory.

MATERIALS AND METHODS {#s4}
=====================

Murine models {#s4_1}
-------------

Adult female C57BL/6 mice were purchased from Charles River Laboratories (Frederick, MD). Mice that express the human *CEA* gene on the C57BL/6 background were kindly provided by Dr. John Shively (City of Hope, Duarte, CA). Complete description of the generation of the CEA.Tg mice has been published \[[@R25]\]. Briefly, a cosmid clone cosCEAl containing the complete coding region of the human CEA gene, including 32.6kb of the 5'-flanking and 5 kb of the 3'-flanking regions, was used to generate the CEA.Tg mice. CEA protein expression was similar to that found in humans, predominately in the gastrointestinal tract, whereas other sites, such the trachea, esophagus, small intestine, and lung, also expressed CEA. CEA expression has been reported in murine thymic epithelial cells (mTEC) of CEA.Tg mice similar to expression levels in human TEC. In the CEA.Tg mouse, CEA expression in the mTEC resulted in tolerization of a major fraction of the T cell repertoire \[[@R36]\]. All animals were housed and maintained under pathogen-free conditions in microisolator cages, and were 2--6 months old at the start of each study. Animal care was in compliance with the recommendations of *The Guide for Care and Use of Laboratory Animals* (National Research Council).

Subcutaneous tumor growth studies {#s4_2}
---------------------------------

MC32A, a murine colorectal tumor cell line expressing human *CEA* and developed in the Laboratory of Tumor Immunology and Biology, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda, MD \[[@R37]\], was routinely grown *in vitro* in DMEM (Cellgro/Mediatech, Manassas, VA) containing 10% fetal bovine serum (FBS), 0.1mM non-essential amino acids (NEAA), 1mM sodium pyruvate, 2mM L-glutamine, 50μg/ml gentamicin, 10mM HEPES, and penicillin/streptomycin. MC32A cells were subjected to PCR based MTBM testing and determined to be negative for Mycoplasma and other murine viral and bacterial pathogens. Cells were injected within 10 passages from the time of thawing and were routinely confirmed to express the *CEA* transgene. To establish a subcutaneous tumor model, MC32A (3x10^5^) cells were injected s.c. into the right rear flank of adult mice. One to 2 weeks later, when the average tumor volume was 40-60 mm^3^, mice were randomized and treatment was initiated. Tumors were measured twice weekly using calipers, and the tumor volume was calculated as: Volume = 0.5 x (width)^2^ x (length). For tumor re-challenge studies, 3x10^5^ MC32A cells were injected into the opposite flank of mice previously cured of their primary tumor.

Treatments {#s4_3}
----------

A murine GITR ligand fusion protein (mGITRL-FP) was constructed and produced by MedImmune LLC (Gaithersburg, MD) under a Cooperative Research and Development Agreement (CRADA). The molecule consisted, from N- and C-terminus, of a fragment crystallisable (Fc) region of an immunoglobulin G (IgG), the yeast-derived coiled coil GCN4 pII and the extracellular (GITR-binding) domain (ECD) of murine GITR ligand (mGITRL-FP). Both mGITRL-FP mIgG2a and an anti-GITR (DTA-1) induced NF-kB reporter gene cell assay \[[@R30]\]. CEA.Tg mice were administered either 1.0 or 0.1 mg/kg body weight via intraperitoneal injection at the designated time points.

Recombinant poxvirus-based vaccines that were used included Modified Vaccinia virus Ankara (rMVA-) and fowlpox (rF-) engineered to express genes encoding human *CEA* and three murine costimulatory molecules, *B7.1*, *ICAM-1* and *LFA-3* (designated TRICOM). Those vaccines are termed rMVA- or rF-CEA-TRICOM. Details of the construction, production and efficacy of incorporating the costimulatory in the recombinant poxvirus-based vaccines have been published \[[@R20], [@R21]\]. All vaccines were administered s.c. at a dose of 10^8^ pfu in 100 µl HBSS on the rear flank opposite from the tumor cell injection.

*In vivo* immune cell subset depletions {#s4_4}
---------------------------------------

For *in vivo* depletion studies, mice were administered four daily i.p injections of depleting antibodies prior to tumor instillation, followed by weekly i.p injections of depleting agents after initiation of tumor. CD4^+^ T cell depletion was accomplished via administration of 100 µg/injection of anti-CD4 clone GK1.5 (BioXcell, Branford, CT). CD8^+^ T cell depletion was accomplished via administration of 100 μg/injection of anti-CD8 clone 2.43 (BioXcell, Branford, CT). NK cell depletion was accomplished via administration of 25 µL/injection of anti-NK1.1 clone PK136 (BioXcell, Branford, CT) and 25 µg/injection of polyclonal anti-asialo GM1 (Cedarlane Laboratories, Burlington, Canada).

*In vitro* T cell stimulation/depletion assays {#s4_5}
----------------------------------------------

Splenocytes were cultured in RPMI (Cellgro/Mediatech) supplemented with 10% FBS at a concentration of 5x10^5^ cells per well in a 96-well round-bottom plate. *In vitro* stimulation was performed by adding αCD3 (clone 145-2C11) and αCD28 (clone 37.51) (eBioscience, San Diego, CA) in solution to a final concentration of 1 µg/ml and 2 µg/ml, respectively, or utilizing Cell Stimulation cocktail (PMA/Ionomycin) diluted 1:500 (eBioscience). Fc-mediated depletion was investigated by culturing and treating cells as described, followed by the addition of 25 µL of rabbit complement (Cedarlane Laboratories) for the final 30 minutes of culture at 37^°^C. At the end of the culture period, cells were washed in FACS buffer prior to fixation using FoxP3/transcription factor kit (eBioscience).

Flow cytometry {#s4_6}
--------------

Antibodies used for flow cytometry or immunofluorescence were purchased from BD Biosciences (San Jose, CA), eBioscience, or BioLegend (San Diego, CA). Fluorescently conjugated antibodies specific for CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7), CD25 (PC61), FoxP3 (FJK-16s), GITR (DTA-1), CD62L (MEL-14), CD44 (IM7), Ki67 (B56) were used for flow cytometry. Dextramer specific for H2K^b^/P15E was purchased from Immudex (Copenhagen, Denmark).

Prior to flow cytometric analyses, single cell suspensions were prepared from spleens, lymph nodes, or tumors using mechanical dissociation. Red blood cell lysis was performed with ACK buffer (Quality Biologicals, Inc., Gaithersburg, MD), and single cell suspensions were prepared by filtering through a 40 µm nylon cell strainer. PBMCs were isolated from blood utilizing Lympholyte-M (Cedarlane Laboratories) per the manufacturer's specifications. Cell suspensions were stained on ice with antibodies diluted in FACS buffer. Dead cells were stained and excluded via Live/Dead fixable stain (Life Technologies, Carlsbad, CA). Intracellular staining was performed using FoxP3/transcription factor kit (eBioscience), according to the manufacturer's instructions. When necessary, cells were enumerated utilizing AccuCheck Counting Beads (Invitrogen, Carlsbad, CA) per the manufacturer's instructions. Where applicable, cells were fixed using 1.5% microscopy grade paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA) diluted in FACS buffer. Cytometry data was acquired via 3 laser FACSVERSE or 5 laser Fortessa (BD Biosciences). Data was analyzed via FlowJo (FlowJo, LLC, Ashland, OR).

Confocal microscopy {#s4_7}
-------------------

Tumors were flash frozen in O.C.T. Compound (Tissue-Tek, Torrance, CA) and sectioned by HistoServ, Inc. (Germantown, MD). Sections were thawed in 4% microscopy grade PFA (Electron Microscopy Sciences) diluted in PBS for 15 minutes at room temperature (RT). Sections were permeabilized using 0.5% Triton X100 diluted in PBS for 10 minutes at RT and following washes were incubated for 1 hour at RT in blocking buffer: 1:1 dilution of Superblock (Thermo Fisher Scientific, Waltham, MA) in PBS with 1:100 Fc block (clone 2.4G2, BD Biosciences). Antibodies used for immunofluorescence were purchased from eBioscience. Alexa Fluor conjugated antibodies specific for CD4 (GK1.5) and CD8 (53-6.7) were diluted in blocking buffer. Sections were mounted using Prolong Gold Antifade Reagent with or without DAPI (Life Technologies). Sections were imaged using a Zeiss LSM 880 NLM Airyscan confocal microscope and analyzed using ZEN lite software (Zeiss, Thornwood, NY).

SUPPLEMENTARY MATERIALS FIGURES {#s5}
===============================
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